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1 INTRODUCTION 
Most of world’s deltas are densely populated and 
contain high economic value. Safety against flooding 
is therefore of crucial importance. Scour holes in the 
riverbed increase the risk of riverbank instability 
(flow slides) and damage to structures like groynes, 
quays, bridge piers, and pipelines. Especially in are-
as with heterogeneous subsoil, like river deltas, sud-
den scour hole formation may occur. Due to the geo-
logical evolution in deltas, the lithology of the 
subsoil shows large variations in highly erodible 
sand and poorly erodible peat and clay layers (Ber-
endsen and Stouthamer 2001; Cohen et al. 2012; 
Hijma 2009). The erosion is consequently not evenly 
distributed over the riverbed. Local incision of sand 
patches between areas with poorly erodible bed 
causes sudden scour hole development, ultimately 
leading to deep scour holes with steep slopes (Sloff 
et al. 2013; Huismans et al. 2015). This process is il-
lustrated in Figure 1.1. Without detailed knowledge 
on the geology, these scour holes are unpredictable 
in formation and growth. In combination with their 
fast development and large depth, these scour holes 
are hard to manage. More knowledge on scour hole 
formation in heterogeneous subsoil is therefore re-
quired, while little research has been carried out so 
far. 
Due to differences in local geology, hydrodynam-
ics and local geometry, every scour hole develops 
differently. To understand the various influences on 
scour hole formation, it is consequently important to 
study a large set of scour holes. The Dutch Rhine-
Meuse estuary forms the ideal system for this, as it 
contains a large number of scour holes and has an 
extensive set of geological, bathymetric and hydro-
dynamic data available. 
 
 
Figure 1.1 Principle of scour hole formation in heterogeneous 
subsoil (Sloff et al. 2013) 
 
In this paper we study the scour hole formation in 
two steps. First we perform a general analysis of a 
large set of scour holes by categorizing them and by 
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determining when they were formed. Based on this 
overview a link to geology and anthropogenic influ-
ences is made. To get a better understanding of the 
detailed growth a selection of scour holes was stud-
ied extensively by closely analysing the nearly 60 
years of available single- and multibeam surveys, in 
combination with knowledge on the local hydrody-
namics and geology. 
In the following we will first give an introduction 
to the Rhine Meuse estuary, its main hydrodynamic 
and morphodynamic behaviour and subsoil composi-
tion. After a description of the data and methods the 
analysis of scour holes formation in heterogeneous 
subsoil stratigraphy will follow, including the com-
parison to scale model tests. 
2 THE RHINE-MEUSE ESTUARY 
An overview of the Rhine-Meuse estuary is given in 
Figure 1.2. It shows how the Rhine and Meuse con-
fluence and discharge into sea via a complex system 
of river branches. Except for the southern branches, 
most branches have a negative bed level trend. In the 
northern part this is attributed to dredging, in the 
connecting branches this is attributed to erosion, re-
lated to closure of the Haringvliet in 1970. Before 
closure, the Rhine Meuse estuary had two open con-
nections to sea: the Nieuwe Waterweg and the 
Haringvliet. The phase and amplitude of the tide be-
tween the northern and southern part were compara-
ble, and therefore also the water levels. After build-
ing the Haringvlietdam the tide in the southern part 
diminished, resulting in much larger water level dif-
ference between north and south and much higher 
flow velocities in the connecting branches (Sloff et 
al. 2013). These branches currently show erosion 
trends up to 6 cm/year and contain many deep scour 
holes, of which most are still developing in depth or 
extent (Huismans and van Duin 2016). 
 
 
Figure 1.1 The Rhine Meuse estuary. The bed topography is 
given in color, the scour hole locations are indicated in black. 
To illustrate the heterogeneity in subsoil composi-
tion the geology below the river bed is shown in 
Figure 3.1 for one of the connecting branches, the 
Dordtsche Kil River (Wiersma 2015). It shows how 
the peat, clay and sand layers from the Pleistocene 
and Holocene alternate. The sand patches interrupt-
ing these layers are channel belts of old river courses 
which cross the current river course. Because rivers 
deposit sand, these show up as sand patches. The 
depth and size relate to the age and width of the orig-
inal river. In Figure 3.1 it is shown how deep scour 
holes have formed in these sandy channel belts. 
Scour holes may also form when the Pleistocene 
sand is locally incised, while the remainder of the 
river bed is composed of peat or clay, as illustrated 
in Figure 1.1. 
3 DATA AND METHODS 
As a first step in the analysis scour holes were iden-
tified based on the multibeam echosounder data of 
2012 (5 m x 5 m). This was done based on visual in-
spection of the data in GIS and resulted in approxi-
mately 100 scour hole locations as presented in Fig-
ure 1.2. For the further analysis focus was put to the 
most important branches, the Oude Maas, Nieuwe 
Maas, Noord, Dordtsche Kil, Spui and Amer. The 30 
scour holes in these branches were divided into three 
categories: 
A. Length shorter than 200 m and not located 
close to a structure. 
B. Length longer than 200 m, not located close to 
a structure. 
C. Scour holes located nearby a structure (e.g. 
bridge piers, groynes, narrowing of the river), 
any length.  
The idea behind this classification is that scour 
holes in category A and B have no clear cause and 
are probably related to the heterogeneity in the sub-
soil, as illustrated in Figure 1.1. Scour holes in cate-
gory C will also form in a homogeneous sandy river 
bed. Though inhomogeneities in the subsoil will cer-
tainly influence their formation and shape, their 
prime cause is related to the presence of a structure. 
The distinction in length (A and B) was made with 
the idea that younger scour holes are generally 
smaller. Based on the yearly single-beam echo-
sounder (1967 – 2005) and multi-beam echosounder 
(2005 – present) the historic evolution of the classi-
fied scour holes was mapped.  
 
Figure 3.1 Subsurface lithology below the Dordtsche Kil river (Wiersma 2015). The current bed topography is imprinted on this 
longsection, with on its horizontal axis the river chainage value in kilometers (km). The various layers have formed during different 
geological eras. Old river courses (in orange) have deposited sand. These rivers may have crossed the current river course as is the 
case in the Dordtsche Kil. Remaining channel belts show up as patches of sand in the clay and peat layers. Note that the location of 
all layers and channel belts are based on bore holes, river bathymetry and geological interpretations, as such there is a high uncer-
tainty in their exact location. 
 
 
In the second step a detailed analysis of six scour 
holes was carried out. With the bed topography data 
from 1970 – 2012 the scour hole evolution was ana-
lyzed. For the period for which multibeam echo-
sounder data is available (2005 – 2012) a detailed 
analysis of the growth in depth and extent and the 
slope evolution was made. Based on the historic 
scour hole evolution, the subsurface lithology and an 
estimation of the equilibrium depth, an outlook on 
the future scour hole evolution was made. An indica-
tion of the equilibrium depth was obtained with the 
following formulas (Hoffmans 2012): 
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With the equilibrium depth of the scour hole, yme 
[m], the waterdepth h [m], the turbulence coeffi-
cient ce  [-],  the face velocity U0 [m/s], the critical 
velocity, Uc [m/s], the turbulence intensity upstream 
of the scour hole r0 [-] and the turbulence intensity in 
the scour hole r0,m [-]. Estimates for the face veloci-
ties were retrieved from a quasi 3D Delft3D model 
of the area (Ottevanger and van der Mark 2016; 
Huismans et al. 2015). 
In the final step the detailed growth of a recently 
formed scour hole was compared to scale model ex-
periments carried out by Zuylen and Sloff (2015). 
4 RESULTS AND DISCUSSION 
4.1 Scour holes from 1967 to present 
In Figure 3.2 an overview of the date of origin of the 
scour holes in the main branches is given. For the 
scour holes older than 2005 the identification was 
based on the single-beam echosounder data. As these 
do not give full coverage of the river bed, the date of 
origin is only accurate to within a few years. Exact 
dates are therefore not presented here. 
 
 
Figure 3.1 Date of origin as derived from inspection of the sin-
gle- or multi-beam echolood measurements. 
 
As mentioned in section 2, the flow velocities in 
the connecting branches have increased drastically 
with the closure of the Haringvliet in 1970. This has 
led to the assumption that the closure of the 
Haringvliet has been an important driver for the gen-
esis of the scour holes. The bar plot in Figure 3.2 
however shows that most of the scour holes already 
existed before 1970. As erosion has increased, the 
scour holes most likely have undergone an increased 
growth after closure. This has not yet been re-
searched.  
In the period just after closure, six scour holes 
emerged, of which all were Dordtsche Kil scour 
holes. Their initiation is however most likely caused 
by reconstruction of the Dordtsche Kil during 1970-
1984 instead of by the closure of the Haringvliet. 
Based on the short timespan in which they emerged 
and the subsurface lithology (see Figure 3.1), the 
protecting clay layer was probably removed when 
the river bed was deepened to -8 m NAP (nowadays 
even -10 m NAP), uncovering the sand bodies from 
the channels belts. 
Categorization shows that the majority of the 
scour holes is not located nearby a structure and has 
no clear cause, see Figure 4.1. This stresses the rela-
tive importance of the other drivers for the formation 
of scour holes, like the subsurface lithology. Catego-
rization furthermore shows that most of small scour 
holes (Category A, L < 200 m) are actually decades 
old (not shown in the figure). This may be related to 
the geology. When the edges of the scour hole are 
made up from thick layers of peat or clay, further 
horizontal growth will be limited, confining the 
scour hole. 
 
 
Figure 4.2 Scour hole classification into categories A, B and C 
(see method-section). 
4.2 Detailed analysis on scour evolution 
For six scour holes a more detailed analysis has been 
carried out. In this paper we present the full analysis 
for two scour holes, one in the Dordtsche Kil 
(“dkl_2”) and one in the Noord (“nor_3”), followed 
by a more global discussion for the other scour 
holes. 
The “dkl_2” scour hole is located in the northern 
part of the Dordtsche Kil. The local bed topography 
and surrounding subsurface lithology are shown in 
Figure 4.2 and Figure 3.1. “Dkl_2” is composed of 
two scour holes, separated by an elevation in the bed 
topography, under which a pipeline is located. 
Though the southern scour hole emerged earlier, the 
current depth of the northern scour hole is larger. 
Over the past few years, its depth increased from -
16 m NAP to 20.5 m NAP, while its growth in ex-
tent has been limited to a few percent. As a conse-
quence the slopes have increased over time. The lim-
ited growth in extent may be related to the geology. 
According to the subsurface lithology profile the 
scour hole has formed in an old channel belt and is 
surrounded by thick layers of clay. This hypothesis is 
supported by the presence of slopes of 1:2 to even 
1:1 and the particularly shaped separation between 
the two scour holes. An alluvial bed would show 
smoother shapes and milder slopes. 
Based on the recent developments, the depth of 
the scour hole is expected to increase and exceed its 
current value of -20.5 m NAP. To estimate its future 
growth, the equilibrium depth was calculated with 
equations (1.1 - 1.3), for which the following values 
were used: a face velocity of 0.8 m/s, a waterdepth 
of 10.5 m, a turbulence intensity of 0.3 and 0.15 re-
spectively inside and upstream of the scour hole, and 
critical flow velocities of 0.4 m/s for sand with a 
grain size of 1 mm and 1.5 m/s for clay (Hoffmans 
and Verheij 1997). This results in an equilibrium 
depth of -27 m NAP and suggests a further growth 
of over 6 meter. Based on its past development, this 
seems to be an overestimation. Because these formu-
las are highly sensitive to the input values on local 
flow conditions, for which only estimates were 
available, an overestimation is not unlikely. Moreo-
ver they do not account for variations in the geology. 
Judged on the subsurface lithology (Figure 3.1) the 
growth in depth will most likely be stopped by the 
clay layer at a depth of approximately -23 m NAP. 
Based on the recent growth in extent and the 
presence of thick layers of clay one may expect lim-
ited future growth. Slopes are however getting steep-
er. Undermining and future failure of clay-layers can 
therefore not be excluded. As these scour holes are 
located nearby riverbanks, this poses a potential 
threat to the river bank stability. 
 
 
 
Figure 4.3. Top panel (a-d), evolution of the bed topography for scour hole “dkl_2”. The contour in (a), (b) and (d) indicates the 
contour of the northern part of the scour hole in 2012, the contour in (c) is the contour in 2005. Bottom panel (e-h), recent develop-
ment in depth, extent and slope, (2005 – 2012) and in (h) the current slopes (2012). 
 
 
Figure 4.4 Top panel (a-d), evolution of the bed topography for scour hole “nor_3”. The contour in (a), (b) and (d) indicates the con-
tour of the northern part of the scour hole in 2012, the contour in (c) is the contour in 2005. Bottom panel (e-h), recent development 
in depth, extent and slope, (2005 – 2012) and in (h) the current slopes (2012). 
 
 
The second scour hole which has been analyzed 
in depth is the “nor_3”, which is an elongated scour 
hole located in the river Noord. Its evolution in bed 
topography and slope are shown in Figure 4.3. Be-
cause the river is relatively narrow at the location of 
nor_3, there is a local positive gradient in sediment 
transport accounting for the erosion. The very gradu-
al development between 1976 and 1999 is related to 
the bed composition. Most of the river bed is located 
in layers of poorly erodible clay and peat, slowing 
down the erosion process. Between 1999 and 2005 
the erosion accelerated. This may be caused by inci-
sion of the Pleistocene sand, which is located at a 
level of -11 to -14 m NAP, below the clay and peat 
layers. Up to 2005 the scour hole consists of smaller 
scour holes which merge together around 2009 to 
form a long trench. After 2009, an acceleration in 
growth in depth is shown, which may be related to 
the “attraction of flow”, caused by the existence of 
the long trench. 
The equilibrium depth has been calculated with 
equations (1.1 - 1.3), for which the following values 
were used: a face velocity of 1 m/s, a water depth of 
6.5 m, a turbulence intensity of 0.2 and 0.15 respec-
tively inside and upstream of the scour hole, and 
critical flow velocities of 0.5 m/s for the Pleistocene 
sand. This resulted in an equilibrium depth of 3 m, 
i.e. 10 m NAP. Its current depth is 13 m NAP. The 
underestimation may be related to an underestima-
tion of the face velocity, as the trench attracts flow 
and has presumably higher velocities than the width 
averaged values from the model. In addition, the 
formulas used do not account for the self-reinforcing 
effect of attraction of flow and deepening of the 
trench. Based on the history of the scour hole evolu-
tion and the geology, a further deepening is ex-
pected, possibly enhanced by the attraction of flow. 
Growth in extent may also be expected as the clay 
and peat layers covering the Pleistocene sand are ex-
pected to be thin at some of the scour hole edges. 
Based on the increase in steepness of some slopes, 
undermining may occur in the future. As these 
slopes are located only 40 m from the embankments, 
this may pose a potential threat to the stability. 
From the six analyzed scour holes we can con-
clude that each develops in a different way. Some 
are stable, some show the strongest grow in depth, 
others show the strongest growth in extent. Differ-
ences in geology may largely account for the ob-
served differences. Thick layers of clay on the edges 
limit growth in extent. This typically occurs for 
scour holes formed in channel belts, like for “dkl_2”. 
Thinner clay or peat layers on the edges allow for 
growth in extent and even merging of scour holes. 
This typically happens when the Pleistocene sand is 
incised, like for “nor_3”. When the river bed is 
composed of peat or clay, erosion processes are re-
tarded. Incising sand layers will lead to sudden ac-
celeration of the growth in depth. When scour holes 
are partially formed in clay or peat, steep slopes may 
form, which steepen when depth increases. Under-
mining and sudden failure of clay- or peat layers 
may occur. When located close to structures or em-
bankments, stability may be at stake. 
Finally, formulas for the prediction of the equilib-
rium depth (1.1 – 1.3) require detailed data on hy-
drodynamics and geology and perform poorly other-
wise. Because these formulas are set up for scour 
holes in alluvial beds, not all processes are taken into 
account, so even with proper input conditions, pre-
diction of the equilibrium depth may deviate from 
reality. Recent research on scour hole formation in 
non-cohesive sediment under a poorly erodible top 
layer for example shows that the depth may be over-
estimated by the formulas by about 20% (Zuylen 
2015). 
4.3 Comparison to scale model tests 
Recently Zuylen and Sloff (2015) performed scale 
model experiments on scour hole formation in non-
cohesive sediment under a poorly erodible top layer. 
Experiments were performed in a 14 m long flume, 
with a width and height of 0.4 m. A layer of 0.25 m 
of fine sand was covered by two steel plates, repre-
senting the poorly erodible layer. The gap between 
the steel plates was varied between 0.1 m to 1.0 m. 
For proper flow conditions, roughness was added to 
the steel plates. In the gap an asymmetric scour hole 
developed with a gradual slope on the upstream side 
and a steep slope on the downstream side, undermin-
ing the downstream steel plate. Interestingly, the var-
ious scour holes in the Oude Maas show steepest 
slopes on the predominant upstream side. Note that 
because the Oude Maas is a tidal river, flow direc-
tion turns with every tide. 
For a recently formed scour hole in the Oude 
Maas, the development is shown in Figure 4.4. It 
shows that the steepest slope and fastest expansion is 
on the predominant upstream side, suggesting that 
undermining and failure mostly happens at this side. 
The opposite behaviour observed in the flume may 
either be related to wall effects and turbulences in 
the flume, causing complex 3D flow velocity pat-
terns or by wrong assumptions on the predominant 
flow direction in the field. In case there is a large 
asymmetry in the tide or a strong stratification, the 
highest flow velocities may actually be oriented 
landward. Because the strongest developments will 
occur with high flow, this would be in line with the 
direction in the flume experiments. More research is 
currently being carried out to clarify the results. 
5 DISCUSSION AND CONCLUSIONS 
In this paper bed topography data, flow velocities 
and subsurface lithology were analysed to under-
stand the influence of geology on the formation of 
scour holes. Because of the large number of scour 
holes and the availability of high quality data, the 
Rhine-Meuse estuary was used as a case study. In a 
first step scour holes were identified, classified and 
their date of origin was estimated. This showed that 
the majority of scour holes cannot be related to the 
presence of structures like groynes, bridge piers or 
local narrowing of the waterway. For these scour 
holes, the heterogeneity of the subsurface lithology 
most likely accounts for their existence. 
 
 
Figure 4.1 Development of a scour hole in the Oude Maas, 
close to the Beerenplaat. Top figure shows the local bed topog-
raphy. The contours show the scour area in the subsequent 
years. The bottom figure shows a longsection of the bed topog-
raphy. 
 
Analysis of the date of origin revealed how engi-
neering works, like deepening channels, may lead to 
the formation of new scour holes. In the Dortsche 
Kil river, four scour holes emerged in the same peri-
od that the river was reconstructed. By deepening the 
river, part of clay and peat layers has probably been 
removed, uncovering patches of sand, in which scour 
holes could form. 
The detailed analysis highlighted the influence of 
the geology on the type of growth. When the edges 
of scour hole are composed of thick layers of poorly 
erodible material, growth in extent may be limited. 
This may occur when scour holes have formed in 
channel belts. When the edges of the scour hole are 
composed of thin layers of clay or peat, growth in 
extent will be easier. If a group of scour holes is lo-
cated close to each other, these may even grow to-
gether to form a trench. This will attract flow and 
enhance its growth. Also the growth in depth is 
largely influenced by the alternation of poorly erodi-
ble and highly erodible layers. Growth in depth may 
suddenly be accelerated when a highly erodible layer 
is incised, while it may be drastically slowed down, 
when the scour hole reaches a clay or peat layer. 
Predicting the equilibrium depth with formulas is 
therefore challenging. This would not only require 
detailed information on the hydrodynamics, but also 
on the geology. As these formulas are not derived for 
mixed stratigraphy, certain processes are not ac-
counted for, so even with detailed information, pre-
dictions may be off. For better prediction both de-
tailed knowledge and adjustments of the formulas is 
therefore needed. 
In conclusion we can state that a heterogeneous 
subsoil stratigraphy largely determines the formation 
of scour holes and their further growth. In combina-
tion with anthropogenic influences, the risk of new 
scour hole formation increases. This has important 
consequences for engineering of river deltas. Be-
cause deltas are commonly densely populated it is 
common to normalize and deepen the rivers. By 
normalizing them, erosion will occur. In river beds 
composed of layers with different erodibility, large 
scour holes will form in the sandy parts. Deepening 
channels by dredging may also lead to the formation 
of new scour holes, as protecting clay or peat layers 
may locally be removed, exposing sandy parts in 
which deep scour holes may form. Engineering of 
river deltas, should consequently be carried out with 
caution, as most river deltas have a heterogeneous 
stratigraphy and uncovering or incising sand patches 
will cause sudden scour hole development. The poor 
erodibility of the clay or peat layers may hereby limit 
the growth in extent, while growth in depth may 
continue, leading to the formation of very steep edg-
es. This may ultimately result in sudden undermining 
and failure of the apparently stable edges. When lo-
cated nearly dikes, this poses a potential threat to 
flood safety. 
6 OUTLOOK 
Recently all scour holes in the area (~100) are ana-
lysed on their recent development in depth and ex-
tent.  Further analysis of these data will be carried 
out to enhance our understanding of the time-
evolution of scour holes in heterogeneous subsurface 
lithology. Detailed formation processes will be stud-
ied by numerical simulations with a code which 
properly incorporates the detailed hydrodynamic and 
morphodynamics (Kim et al. 2014; Kim, Nabi, and 
Shimizu 2014; Nabi et al. 2013), possibly combined 
with new field measurements on the hydrodynamics 
in scour holes. 
For maintenance purposes, it is important to 
quickly and unambiguously determine the risks. For 
this the bed topography and its trend in depth were 
compared to a theoretical plane. When the river bed 
drops below this plane, a potential risk for the stabil-
ity of structures and dikes or insufficient coverage on 
cables and pipelines is identified. In the future the 
definition of the level and slopes of the theoretical 
plane will be optimized based on desired stability 
criteria for maintenance from the water authority and 
the newest knowledge on stability criteria for 
riverbanks and dikes (VTV 2006).  
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